Ouimet, R. and Duchesne, L. 2005. Base cation mineral weathering and total release rates from soils in three calibrated forest watersheds on the Canadian Boreal Shield. Can. J. Soil Sci. 85: 245-260. Total release rates of base cations (Ca, Mg, K, and Na) from soils and from watersheds were evaluated using three methods. Three methods, one of which is new, were also used to evaluate mineral weathering rates of soils for three calibrated forest watersheds in the forest ministry's monitoring network (Réseau d'étude et de surveillance des ecosystems forestiers: Quebec Forest Ecosystem Research and Monitoring Network; RESEF) on the Canadian Boreal Shield. We also compiled an extensive literature review of forest soil base cation release rates, focussed on northeastern North American forest soils of granitic lithology. With the exception of the total release and mineral weathering of Ca from soils at the Lake Laflamme Watershed site, and the total release of K from the three watersheds, soils and watershed release rates for the three watersheds were within the confidence interval of release rates compiled for forest ecosystems with similar granitic environment (compiled data for solum [mmol (+) m -2 yr -1 ± 95% CI], Ca: 33.8 ± 16.3, Mg: 16.8 ± 4.2, K: 13.0 ± 5.6, Na:11.1 ± 3.0, and sum of base cations (BC): 61.2 ± 11.0; compiled data from watersheds, Ca: 82.8 ± 24.6, Mg: 50.8 ± 17.0, K: 7.8 ± 2.2, Na: 44.7 ± 12.8, and BC: 186.0 ± 49.9). Given the uncertainties associated with the calculations, there was little overall difference between total release rates and weathering release rates from soils for two of the three watersheds. 16.8 ± 4.2, K: 13.0 ± 5.6, Na:11.1 ± 3.0 et la somme des cations basiques (CB): 61.2 ± 11.0; compilation pour les bassins versants, Ca: 82.8 ± 24.6, Mg: 50.8 ± 17.0, K: 7.8 ± 2.2, Na: 44.7 ± 12.8, et CB: 186.0 ± 49.9). Étant donné les incertitudes associées au calculs, il y avait peu de différence globalement entre le taux de largage total et celui d'altération minérale de CB des sols de deux des trois bassins versants.
watershed-monitoring studies, evidence is accumulating that reveals increased forest soil acidification in northeastern North America (Miller et al. 1993; Johnson et al. 1994; Lawrence et al. 1997; Watmough and Dillon 2003b) . Many forest ecosystems in these regions have been experiencing mineral nutrient deficiencies and health problems (Ouimet and Camiré 1995; Sharpe et al. 1999; Horsley et al. 2000) , which can be qualified as a new historical phenomenon (Bondietti et al. 1990 ). This phenomenon is thought to be due partly to depletion of soil-available base cations (Sharpe et al. 1999; Driscoll et al. 2001; Duchesne et al. 2002) .
Mineral weathering, along with atmospheric deposition, are the only long-term "net" sources of base cations to terrestrial ecosystems. Other ecosystem sources (throughfall leaching, organic matter mineralization in the forest floor and in the mineral soil, root exudation, and soil desorption) are only base cations being recycled through the so-called "biogeochemical cycle".
However, interpretation of watershed monitoring mass balance calculations have been based on various mineral weathering estimation methods that are based on inherent assumptions. The release rates of base cations by soil minerals have always been difficult to measure and quantify because of the lack of long-term soil studies (Richter and Markewitz 2001) . The quantification of mineral weathering of soils is of importance for determining long-term availability of plant nutrients, buffering capacity of soils and surface water quality. Weathering within the solum is a chemical process that is controlled by soil mineral composition and its exposed surface area, soil temperature and moisture regime, CO 2 concentration, organic acid concentration, and soil depth (Sverdrup and Warfvinge 1993) . The last three factors are in turn influenced by the vegetation (Kelly et al. 1998) . Mineral weathering refers here to chemical and mineralogical transformations induced by the interaction of water and soil rock minerals. Thus, soil mineral "weathering release" (WR) of base cations will be distinguished from soil "total release" (TR) as this latter process includes not only base cation weathering from the soil mineral pool, but also changes in net storage of base cations in the vegetation biomass, in the soil organic matter pool, and in the soil exchangeable pool (Likens and Bormann 1995) .
In this paper, we report estimates of TR rates of base cations from soils and watersheds and WR rates from soils located on the Boreal Shield in Quebec, in eastern Canada. Based on field data, three evaluation methods (or variants) for determining TR from soils and watersheds and three method variants to assess soil WR rates were used. The results were compared to those obtained from studies conducted on northeastern North American forest soils and watersheds of granitic lithology.
MATERIAL AND METHODS

Study Sites
Watershed characteristics are shown in Table 1 . The catchments are part of the Quebec Forest Ecosystem Research and Monitoring Network (Réseau d'étude et de surveillance des écosystèmes forestiers; RESEF). The sites are located on the Boreal Shield ecozone (Fig. 1 ), underlain by a granitic gneiss series of the Grenville Province. The dominant soils are mainly well-developed loamy sand to sandy loam Orthic Ferro-Humic or Humo-Ferric Podzols according to the Canadian System of Soil Classification (Soil Classification Working Group 1998; Orthic Podzols according to the FAO) developed from sandy basal tills. The tills contain angular rock fragments originating from the regional bedrock.
The Lake Clair Watershed (LCW) has been monitored since 1987. Its vegetation is typical of the northern hardwood forest of northeastern North America. Lake Laflamme Watershed (LLW) is located slightly north of LCW, but at a higher altitude. The vegetation type is characteristic of the boreal coniferous balsam fir-white birch forest. This watershed has been the subject of intensive biogeochemical monitoring since 1998. The third site, the Lac de la Tirasse Watershed (LTW) , is located at a higher latitude and has been monitored since 1997. It is located in the black sprucemoss forest of the northern boreal coniferous range. This watershed contains a first-order stream only, no lake, but a small open bog (2.5 ha) is located at the stream source.
Sampling
Bulk precipitation was measured and sampled weekly in the three watersheds in a forest opening using 2-L plastic bottles (n = 3) fitted with 577-cm 2 plastic funnels. During winter (November to April, inclusively), bulk collectors were replaced with 708-cm 2 pails for snow collection on a 2-wk schedule. In a main study plot located at the midslope of the watersheds, throughfall precipitation was measured and sampled at the same time as bulk precipitation, using 12 collectors in LLW and LTW, and 36 collectors in the LCW. Throughfall collectors were replaced by six pails for snow collecting according to precipitation sampling methods. Soil water percolating below the solum was sampled weekly during the snow-free period using ceramic cup lysimeters (n = 4/watershed), located at an average depth of 80 cm (range of 50-95 cm depending on solum depth) within the main study plots. Watershed stream flow was measured at a gauged station that continuously monitored its flow. The stream was also sampled weekly or biweekly throughout the monitoring years. Soil volumetric water content was monitored continuously at each site using time-domain reflectometry (n = 4; Tecktronix model 1502B). Ten soil profiles were sampled at the LCW, and four each at LLW and LTW. Selected soil samples were located at mid-slope, sampled by horizon, and their depth was recorded. Bulk density was determined for each horizon using a volumetric soil sampler with a double cylinder stainless steel core. Finally, 6 to 34 trees per species in different diameter classes were harvested in each watershed to determine biomass and nutrient content.
Laboratory Analysis
All water samples were passed through a 45-µm filter prior to analysis for the following chemical species: SO 4 2-, NO 3 -, and Cl -by ion chromatography (Dionex), and NH 4 + by colourimetry (Technicon). Samples were lightly acidified for the determination of Ca 2+ , Mg 2+ , K + , and Na + by inductively coupled plasma emission spectroscopy (ICP Jarrel Ash). Quality assurance/quality control (QA/QC) of soil water analysis included ionic balance and measured versus calculated electrical conductivity values. The error associated with the water chemical analyses was ≤ 3%. Soil samples were air dried and sieved at 2 mm prior to laboratory analyses. Soil pH was measured using a soil-to-water ratio of 1:2.5. Forest floor organic matter was measured by dry loss on ignition (Gallardo et al. 1987) , while mineral soil organ- ic carbon was determined by wet combustion (Yeomans and Bremner 1988) . Total contents of Ca, Mg, K, and Na were determined for all soil samples by plasma emission spectroscopy following digestion with concentrated H 2 SO 4 . Total concentrations of Mg, Ca, K, Na, Ti, Zr, and Cl were measured for only the most representative soil profile at each watershed by X-ray fluorescence (XRF) spectroscopy (Philips, model 2400) after 4-g soil subsamples were ground in an agate mortar and pelletized with 1 g cellulose in a high-pressure hydraulic cylinder. Also, for these samples, mineral species in separated clay, silt, and sand fractions were identified by X-ray diffraction (XRD). Pretreatment for particule size and XRD analyses included destruction of humus, and dispersion with sodium pyrophosphate during 30 min of ultrasonic treatment. For XRD analysis, the soil fraction preparation included K, Mg saturation, and heat treatment of the K-saturated probes to 550°C. Aliquots of each preparation were comminuted in tungsten carbide grinding dishes. One random powder mount of each preparation was analysed for the presence of minor and major minerals on a Diano-8535 semi-automated X-ray diffractometer. Scans were run using Ni-filtered, Cu K α radiation produced at 45 kV and 15 mA. The proportions of each identified mineral were calculated by integration of peak areas without internal standards; overall mineral proportions were calculated as soil fraction-weighted proportions of minerals. Thus, mineral assemblages have to be interpreted as semi-quantitative. For all chemical analyses, local-reference soil samples were used as QA/QC. The error associated with the soil chemical laboratory analyses was ≤ 5%. Data on these representative soil profiles are presented in Table 2 . Finally, samples for the major tree compartments from each watershed were analysed for total N, K, Ca, and Mg contents.
Data Handling
Bulk wet deposition was calculated by summing precipitation input on a yearly basis. Total deposition is the sum of wet, dry-, fog-and cloud-water deposition. Dry-and fogdeposition to plant canopies can be estimated via throughfall fluxes corrected for canopy interactions. Throughfall Na + , SO 4 2-and Cl -deposition were considered to represent total deposition because of their conservative behaviour (Houle et al. 1999) . Dry deposition impact factors for Ca, Mg, and K were then estimated using the Na-element ratio method adapted by Duchesne et al. (2001) . Briefly, dry deposition was calculated by the following equation:
( 1) where P represents deposition (mmol (+) m -2 yr -1 ), the [X]/[Na] refers to the mean weighted ratio of monthly concentration (µeq L -1 ) of corresponding elements, and subscripts "bulk", "dry", and "throughfall" refer to corresponding pathways. For the three watersheds, water fluxes through soils were estimated using the FORHYM2 model (Arp and Yin 1992). The hydrological model was previously calibrated for LLW (Arp and Yin 1992) and LCW . The model had been validated for the period under study based on soil moisture and stream flow measurements. Soil water volume-weighted mean concentration was calculated by combining average monthly soil water concentrations and monthly predicted water fluxes below the rooting zone. Annual leaching from solum and from the watershed was determined by summing monthly predicted fluxes and hourly recorded observations, respectively.
Local allometric equations relating stem wood and bark dry biomass to tree height and diameter were constructed for each site (Tremblay et al., in prep) . Using the periodic surveys (5-yr intervals over 10 yr) of stand tree height and diameter distribution, we compiled the net nutrient accumulation rate as the difference in amount of element stored in living trees at the first inventory and the one stored in living and dead trees at the final inventory. In this study, we considered that the net Na storage rate in biomass was negligible over the computation period.
Methods for Determining Total and Weathering Release Rates
We determined TR rates from soils and from watersheds and WR rates from soils using the methods described below.
Methods for Determining Total Release Rates
Input-output Balance
The input-output balance (IOB) method can be described by the following equation: (2) where TR(X) is the TR rate of cation X (mmol (+) m -2 yr -1 ), D X is total cation loss through leaching from soil or stream outflow, P X is atmospheric cation wet plus dry deposition, and U X is net cation accumulation by vegetation. TR estimation for each base cation was determined from volumeweighted annual mean concentrations and water fluxes as presented in Table 1 .
Cl as Tracer
The use of chlorine (Cl) as a tracer can provide similar actual release estimates as with the input-output balance approach, but without potential errors caused by unmeasured hydrological fluxes. The TR of element X [TR(X)] estimated by the Cl tracer (CLT) method is given by [adapted from Lockwood et al. (1995) ]: (3) where P Cl is the total (wet + dry) atmospheric Cl deposition (mmol (+) m -2 yr -1 ), brackets refer to volume-weighted average annual concentrations, and the subscript l refers to leaching from soil or stream outflow. We used throughfall Cl concentrations (Table 1) to estimate P Cl because we found that this element behaved conservatively (i.e., with no apparent interaction with the ecosystem biochemical and biogeochemical cycle) in these forest types (Houle et al. 1999 ). This method assumes that soil WR rate of Cl = 0; the XRF analyses of total Cl content in the representative soil profiles were measured to verify the validity of this assumption.
MAGIC
The MAGIC model describes the long-term impact of atmospheric deposition and release of cations through soil chemical weathering and cation exchange (Cosby et al. 1985 ). In the model, soil and watershed total release rates were estimated by iteration. We selected the "two soil horizons" (for soil and subsoil) and the "no wetland" options as flow routing parameters. Lake characteristics were added. Deposition history was based on actual average deposition data (Table 1) scaled to long-term deposition trends in northeastern North America (Bélanger et al. 2002a ). For each watershed, the model parameters were adjusted interactively to match the average water chemistry at solum end and at stream outlet. Data are provided in Table 1 . Hence, the values used for model adjustment caused the WR parameters to be assimilated to TR according to our definitions. The MAGIC model v. 7.77 was used for the calculations.
Methods for Determining Weathering Release Rates from Soils
The determination of WR rates from soils considered all mineral soil horizons down to the top of the first C horizon (i.e., the solum).
Pedological Mass Balance
The pedological mass balance (PMB) method consists of comparing the depletion in the labile versus non-labile element ratio between upper weathered soil horizons of a soil profile and its unweathered C horizon by compiling their changes in volume (or height), bulk density, and chemical composition (Brimhall et al. 1991) . The following equation was used [Eq. 14 of Egli and Fitze (2000) ] to calculate cation depletion relative to soil total Zr and to total Ti concentrations, two of the most resistant elements to weathering in cold climates:
, ,
where W X is the depletion of element X since deglaciation (kg ha -1 ), i is the soil horizon number from 1 to n, [X] p is the concentration (g kg -1 ) of element X, ρ p is the bulk density (kg m -3 ), ε i,w is the strain, i.e., the volumetric changes (unitless), τ X,w is the open-system mass transport function based on X (unitless), and ∆Z w corresponds to the weathered horizon height (cm). The subscripts p and w refer to the regolith and the weathered horizons, respectively. W X was converted to WR by dividing W X by its mass equivalent and by the number of years since retreat of the Laurentian Ice Sheet, as assessed by Dyke and Priest (1987) (Table 1) . The resistant elements Zr and Ti were used to calculate strain (ε i,w ): (5) where [I] refers to concentration of the resistant element (Zr or Ti). The open-system mass transport function for element X was defined by (6) Data from XRF analyses of the representative soil profiles were used to calculate the average WR rates. This calculation method assumes the parent material from which the soil was derived was homogeneous, and that all released cations were those exported out of the solum. The PMB gives an average of WR over the Holocene.
Compositional Linear Trend
We also applied a new method to estimate WR rates of soils by calculating their individual compositional trends (CT) (von Eynatten et al. 2003 ) using elemental compositions obtained from all soil profiles. A compositional trend is determined by an initial composition a and a unitary composition p, which define the direction of the weathering trend (L(a;p)). For each watershed, we used the elemental composition of the C horizons (geometric average) as initial composition a, assuming that the parent material composition was homogeneous. The linear compositional trend was calculated by the following formula (von Eynatten et al. 2003) : (7) where v 1 is the first unitary eigenvector obtained from noncentral principal component analysis of the vector clr(x 1 ) -clr (a),…, clr(x n ) -clr(a), where x represents element composition (Ca, Mg, K, and Na) in the D-4 dimensional space, indices 1 to n represent the horizon number, and clr represents the centered logratio transformation from the simplex space S D to the real space R D , given by clr(x) = log(x/g(x)) for each x in S D . The variable g(x) is the geometric mean of the components of the composition x. The inverse x -1 of a composition x = (x 1 ,…, x D ) is given by the composition C(1/x 1 ,…, 1/x D ) where C denotes the closure operator (i.e., each component of the vector is divided by the sum of all its components). The p vector was estimated, including total analyses obtained of H 2 SO 4 digestion from all soil profiles from each watershed.
According to the theory, the change of composition is directly proportional to the ratio p j /p r , since soil weathering is assumed to be mostly a linear process. Thus, the release rate for a given element j through chemical weathering would be equal to the inverse of the ratio p j /p Na · Na released from soils. We used the average Na currently released from soils, estimated from the IOB and CLT method, to estimate base cation weathering rates, assuming Na released = Na weathering (Bailey et al. 2003) . The values obtained would thus represent chemical weathering averaged over the Holocene, but adjusted for current Na release conditions.
We also estimated the number of perturbations, denominated by k, that the initial composition a has to be perturbed by p to yield a given soil horizon composition as calculated by: (8) where i represents the horizon number, and 〈,〉 stands for the common inner product in R D . The variable k represents an unbiased indicator of the degree of weathering for a soil sample (von Eynatten et al. 2003) . The compositional data used for computation were expressed on a mole of charge basis.
PROFILE
The PROFILE soil chemistry model (Sverdrup and Warfvinge 1993) provides estimates of the current weathering rate from independent data on geochemistry and soil conditions. The model requires climate, soil properties, and vegetation properties as input variables. Many of these variables had been collected for use in the other WR or TR rate estimation methods (Tables 1 and 2 ). The model was adjusted individually for the three representative soil profiles for which mineralogical data were available. Surface area was estimated from bulk density, coarse fragment content, and soil particle size distribution (Sverdrup and Warfvinge 1993) . Gibbsite equilibrium coefficients and dissolved organic carbon in soil solution were calibrated to fit individual soil horizon pH. The anorthite composition in the plagioclase minerals was calibrated to best fit soil solution Ca and Na concentration ratios. The international model provided by ÖKO-DATA (version 4.2, Strausberg, Germany) was used for the computations. The main model assumption is that ecosystem hydrological and thermal processes were in steady-state.
Statistical and Sensitivity Analyses
Total base cations (BC) were calculated by summing Ca, Mg, K, and Na. A two-factor analysis of variance without replication was performed on individual and sum of base cation TR and WR, and at the two measuring scales (soil and watershed) separately with watershed and method as factors. The analyses are entirely valid on the condition it is assumed that there was no significant interaction effect between the two factors (Zar 1974) . This assumption was checked graphically prior to carrying out the analyses. The use of only one soil profile, albeit representative, for WR calculations with the PMB and PROFILE methods made it difficult to compare our analyses with other multiple sampling (CT) or watershed-scaled (IOB, CLT, MAGIC) methods. The accuracy of WR rates obtained with the PROFILE model has been widely studied (Jönsson et al. 1995; Hodson et al. 1996 Hodson et al. , 1997 Zak et al. 1997 ). In the case of the PMB method, a sensitivity analysis was performed on the main variables used to calculate WR BC (Ti and BC content, horizon thickness, bulk density, and time since deglaciation) of the representative soil profiles. The range of the majority of the main soil variables measured in each watershed was ≤ 20%; therefore, an error range of ±20% was assigned to all main variables. A Monte Carlo analysis was run for each representative watershed soil. Variables were varied individually in 1000 runs, and simultaneously in 5000 runs from a uniform (rectangular) distribution of the errors. To enable comparison of the results for the three watershed soils, the deviations at the 10th and 90th percentiles were standardized.
RESULTS
Soil Chemical Composition and Weathering Trend
Soil characteristics at each watershed are presented in Table  2 . The solum depth-weighted total content of Ca and Mg at LCW was 38% lower than at the two other watersheds (LCW vs. average of LLW and LTW: for Ca, 14 vs. 23 g kg -1 , for Mg, 4.2 vs, 6.8 g kg -1 , respectively). In LCW soils, quartz and pyroxene were 23 and 140% more abundant, respectively, than in soils of LLW and LTW, while their plagioclase abundance was similar to the one at LLW (25%). At LTW the average soil plagioclase abundance was about 38% higher than for the two other watersheds. However, solum thickness was smaller at LTW by 36% compared to LCW and LLW.
The compositional linear trends explained between 60 and 92% of element composition variability in soils within each watershed (Table 3 ). The p vectors indicate that Na and K are relatively more recalcitrant elements than are Ca and Mg, having the highest values in the three watershed soils. As a result, all ratios p j /p Na will be lower than one, meaning that the proportion of all elements considered should decrease relative to Na in these soil profiles in the course of the weathering process (with the exception of K at LCW).
The estimated number of k perturbations for each soil horizon in soils from the three watersheds showed a decrease with soil horizon depth (Fig. 2) . The k estimates correspond to the amount of weathering each horizon is deemed to have experienced, i.e. the soil horizons should follow the order from the most to the least weathered in relation to soil depth (A e , B hf , Bf 1 , Bf 2 , and finally BC for Podzols). Such a pattern was observed at the three watersheds. Eluviated A e horizons at LLW and LTW are the most weathered horizons at these watersheds. However, at LCW, the three B f horizons display similar or higher k values than their superficial A h horizon. The k value of the BC horizons in the three watersheds does not differ from the C horizons.
Total Release and Weathering Release Rates
The ANOVA results are presented in Table 4 , and factor means in Table 5 . There was no difference in TR rates of any individual soil cations among the three watersheds (P ≥ 0.297), with the exception of Ca (P = 0.002). The average soil TR and WR rates of Ca were between 35 and 60% higher at LLW than at the two other watersheds, amounting to 102.7 and 48.1 mmol (+) m -2 yr -1 , respectively. Calcium was the predominant released cation in soils at the three watersheds, accounting for 65% of soil TR rates of BC; Mg represented 13%, K 11%, and Na 11%.
There were significant differences among estimates of soil TR and WR for Ca, Na, and overall BC. On average, estimated soil WR rates of Ca were lower by at least 25% (average = 48.7%) compared to estimated soil TR rates. Thus, soil WR rates for BC also were lower than soil TR rates. Conversely, the average soil WR rate of Na was 77% higher than the corresponding TR rate at LCW and LLW.
At the watershed level, no difference existed among watersheds regarding TR rates of BC (P ≥ 0.107), except for Mg (P = 0.026). Watershed TR rates of Mg for LCW were at least 29.5% lower than for LLW and LTW. Watershed TR rates of BC were 1.9 times higher on average (range: 1.51-2.38) than from sola only.
Comparison of Methods
Averaged over the three watersheds, differences existed between soil TR and WR rates of individual cations and of overall soil BC (P ≤ 0.026; Table 4), with the exception of K (P = 0.25). At the soil scale, the PMB method, deemed to estimate historical WR rates, tended to yield higher WR rates of Na for the LCW and LLW relative to the PROFILE method. The PMB method with Zr as the resistant element even yielded negative values for WR rates of cations at LTW. The CT method, also based on the elemental composition of the soils, tended to yield higher WR rates of Mg, but lower WR rates of Ca, relative to the other WR methods used.
At the watershed level, the IOB, CLT, and MAGIC methods yielded similar estimates of TR rates for the three catchments (P ≥ 0.091). 
DISCUSSION
Composition and Weathering Trends
The identification of relatively fast-release elements (Ca and Mg) is consistent mineralogically with the decomposition of silicates (amphiboles, micas, and pyroxenes), while the more recalcitrant Na and K may be mainly found in feldspars, which are relatively more stable to weathering. The WR compositional trends of soils at LCW showed strong differences compared to LLW and LTW. The soil at LCW is at a more advanced stage of weathering than are the soils at the other two watersheds. In fact, the LLW and LTW soils had a higher TR rate of BC per centimetre of solum (>1.6 mmol (+) m -2 yr -1 cm -1 for LLW and LTW; 0.9 mmol (+) cm -2 yr -1 cm -1 for LCW; Table 5 ).
The differences observed between estimated TR vs. WR rates suggest that some chemical or biological mechanisms of selective retention or accumulation for some elements in the upper soil profiles play a major role in the release of base cations. For instance, Bailey et al. (2003) suggested that other sources of Ca besides minerals, mainly organic sources, are contributing to TR of Ca in the Hubbard Brook watershed soils.
Comparison of Base Cation Release Rates for Forest Soils
We compiled forest soil TR or WR published values for a range of sites with similar forest cover, soil properties, and bedrock acidity in North America, calculated averages and confidence limits, and compared them to the results from our watershed soils (Table 6 ). It appears that release rates of BC in soils at LLW are higher than the averages compiled from the literature by 115% (means ± 95% CI: 131.8 ± 24.1 vs. 61.2 ± 11.0). Higher soil total Ca content combined with the presence of a deep solum for this boreal coniferous ecosystem (Table 2 ) may explain the higher soil BC release rate estimated at LLW. However, at the watershed level, the TR of BC at LLW did not differ from the average for similar watersheds. Meanwhile, the TR rates of K from the three watersheds under study were about twice as higher as the average reported in the literature for watersheds with a similar granitic environment. Potassium levels, as well as other cations in streams, may be influenced by biotic and abiotic factors, particularly insect outbreaks (Furman et al. 1998) and climatic conditions (Courchesne et al. 2001) . For the other cations, soil and watershed release rates at LCW and LTW were within the range of values for forest ecosystems with similar lithology (Table 6 ). The soil WR rates estimated in this study for LCW were similar to one published earlier by Houle et al. (1997) when the value is adjusted for the distinct forest net nutrient uptake values used. The ANOVA (Table 6 ) produced using site data with a granitic or gneissic bedrock, indicated that, after parent material type, the evaluation method used to assess cation release was the factor most related to the release rate of Ca (P < 0.001). The published Ca release rate values showed the greatest variations among the base cations examined. As data in Table 6 showed that the percentage of release for a given base cation relative to total BC release was not related to total BC release (P ≥ 0.118), individual cation release rates as a function of BC were simply determined by calculating geometric means of their proportions. The results indicated that published Ca, Mg, and K WR rates obtained from Table 6 (primarily obtained using the PMB method) were proportional to WR rate of BC (Fig. 3) . Sodium WR rate, however, was not related to WR rate of BC based on these values from the literature. This observation contradicts the results of the compositional trend analysis, which showed significant linear weathering trends for the three soils investigated. These contradictory findings suggest that (1) other ecosystem processes contributed to WR rates of BC from soils, or (2) non-stoichiometric WR of Na vs. other cations from soils. It is likely that the first hypothesis holds, because it is supported by evidence that plants can selectively dissolve minerals through several mechanisms (Bormann et al. 1998; Kelly et al. 1998; Hagerberg et al. 2003) and that considerably higher amounts of Ca, Mg, and K circulate in forest ecosystems through the biochemical and biogeochemical cycles, and some may be lost. Increased losses through soil leaching have been reported to occur since the 1960s, due partly to increased atmospheric acid deposition (Foster et al. 1992; Houle et al. 1997; Lawrence et al. 1997; Likens et al. 1998; Friedland and Miller 1999; Martin et al. 2000; Bélanger et al. 2002b; Bailey et al. 2003; Watmough and Dillon 2003a,b) . The second hypothesis does not appear to be supported by the significant linear weathering trends observed with the CT method, and with observations on the Ca/Na ratio range, which can be constrained in stream water (Bailey et al. 2003) .
In the three studied watersheds, WR rates of Ca from soils were found to be lower than the observed TR by a factor of two. However, large uncertainties are associated with these values (see next section). As already mentioned, the methods we used for determining TR rates of BC could not distinguish per se between ecosystem processes (e.g., depletion of base cations from the soil exchangeable pool) and true WR from soil minerals. Other base cation sources may have contributed substantially to release of soil base cations, including vegetation by-products [e.g., calcium oxalate crystals as suggested by Bailey et al. (2003)], capillary rise cycles in the soil, and shortand long-term variation in the decomposition rates of organic matter and saturation of the exchangeable soil complex. The TR rates of BC values presented in this paper thus represent the overall contribution of these processes.
The PMB and CT methods assumed a linear trend, either in time or in soil composition, to assess WR of base cations for the Holocene. The CT analysis showed a significant linear trend in compositional changes (Table 3) , and, more globally, such a linear trend appears to provide a good estimate of the chemical weathering in the earth's upper crust (von Eynatten et al. 2003) . However, although soil composition can follow a chemical linear trend, changes in soil porosity, permeability, and production of secondary mineral phases through soil development can alter the rate over time. Studies of soil chronosequences have shown that chemical weathering rates in soils is a non-linear process over time (Bain et al. 1993; Taylor and Blum 1995; Hodson and Langan 1999a) . The soil BC weathering rate is not constant and decreases with soil age. However, individual base cation weathering rates measured by the PMB method do not seem to follow a similar decay rate or trend (Taylor and Blum 1995; Lichter 1998) . As a result, soil weathering values obtained by averaging over the Holocene period should overestimate actual soil weathering rates, and the results showed that this would be the case for K and Na in two of the three watershed soils.
The unreasonable values obtained at LTW for the PMB method with Zr as the resistant element also indicate that much care is needed when employing this method. Although the analysis was based on only one soil profile, close examination of the data for each horizon indicated base cation depletion in the first two mineral horizons, but accumulation in the next two (Bf 2 and BC), thus yielding an overall net accumulation of base cations (i.e., negative WR rate) in the soil rather than a depletion. Also, calculating weathering rates over a single time interval is problematic as discussed above. In comparing four different methods for estimating mineral WR of five soils (Kolka et al. 1996) , the results indicated that the methods, including PMB, yielded individual base cation weathering estimates that differed from soil to soil. This finding is corroborated by other studies (Bain and Langan 1995; Hodson and Langan 1999b) .
The IOB and CLT methods yielded very similar results, since only the drainage calculation procedure differed between the two methods. The depth-weighted average Cl concentrations in soils were sufficiently low that the release of Cl through weathering could be considered negligible as compared to the deposition input. For instance, at the LCW, the WR rate of Ca in the soil was 30.7 ± 11 mmol (+) m -2 yr -1 (Table 5 ) and its depth-weighted solum content was 13.24 g kg -1 ; this means that the soil weathered at a rate of Table 6 . Fig. 4 . Distribution of the calculated WR rate of total base cations (BC) using the PMB method in the three watershed soils resulting from a simultaneous 20% variation in the variables (Ti content, individual base cation content, soil horizon thickness, bulk density, and time since deglaciation). The figure shows the average (filled circle in box), the median (line within box), the Q1 and Q3 (lower and upper side of box), the 10th and 90th percentile (lower and upper whisker), and the 5th and 95th percentile (filled circle at the whisker ends).
46.5 ± 16.65 g soil m -2 yr -1 . Given a depth-weighted Cl content of 100.3 mg kg -1 (Table 2) , the soil weathering rate of Cl would be 0.131 ± 0.047 mmol (+) m -2 yr -1 . This value represents only 3% of the Cl flux brought through atmospheric deposition (4.79 mmol (+) m -2 yr -1 ).
The PROFILE and MAGIC models are widely used to simulate ecosystem fluxes. Both models yielded soil release rate values for all elements similar to the other corresponding WR and TR methods. In the MAGIC model, individual cations were added as a source of element to match soil solution and stream chemistry at equilibrium. Therefore, MAGIC could not differentiate among other potential sources of elements. It appears that both short-term (Bormann et al. 1998 ) and long-term (Likens et al. 1998) soil studies are needed to better understand the role and contribution of chemical weathering in the supply of elements to ecosystems.
Uncertainties Associated with WR Estimation
Soil mineralogy was determined from only one soil profile by watershed; therefore, the mineral proportions could have differed substantially. Zak et al. (1997) showed that the calculated WR rate from PROFILE was mostly sensitive to soil mineralogy and other physical parameters (soil moisture content, exposed mineral surface area, and soil bulk density). According to Jönsson et al. (1995) , the uncertainty associated with the PROFILE estimation of WR for three Podzols (similar to this study) was ±40%. Most methods for WR determination are accurate at approximately ±50% according to Hodson and Langan (1999b) . Assuming the error associated with the WR estimates obtained from PRO-FILE for the three watershed soils are of the same magnitude, this means that the WR estimation of BC was not different from the TR estimation of BC for LCW and LLW, with the exception of LTW, for which WR rates of BC remained about a third of its TR estimation.
To our knowledge, the uncertainty associated with the PMB method, which is widely used to estimate averages of WR rates of soils over the Holocene, has not been reported. Therefore, we simulated the error associated with a 20% change in variables used in the PMB calculations. The sensitivity analysis indicated that the CVs of the WR rates associated with the assumed 20% uncertainty range for all variables were 22, 33, and 73% for the LCW, LLW, and LTW soils, respectively (Fig. 4) . The 10th to the 90th prediction intervals suggest that among the main variables studied, the resistant element content in soils has the most influence on the WR calculation of BC with this method (average error range: ±25% for LCW to ±87% for LTW), followed by the base cation contents (error range: ±9% for LCW to ±47% for LTW) (Fig. 5) . A 20% variation in the other variables (solum and individual horizon thickness, bulk density, and time since deglaciation) yielded prediction intervals of less than 10% of the mean values. Given these variations, the PMB estimates of BC for LCW and LLW soils are not different from their corresponding average TR estimates. While for LTW soils, WR of BC calculated with the PMB method remains significantly lower than its average TR estimate (5-100 vs. 105.8 mmol (+) m -2 yr -1 , respectively). The error associated with WR rates using the PMB method may, however, be smaller than the simulation results presented here, as resistant element content is correlated with K or Na content in the soils being studied (r Ti-K = 0.73***, r Zr-K = 0.87***, r Zr-Na = -0.75***) and since individual base cation content is also intercorrelated (r Ca-Mg = 0.92***, r Ca-Na = 0.70***, r K-Na = -0.73***). 
CONCLUSION
Using various methods to assess base cation total release and chemical weathering rates, and their associated uncertainties, of three Podzolic soils in distinct forest ecosystems indicated little overall difference between total release rate and weathering rate for assessing Ca, Na, and total BC mobilization rates from soils, with the exception of the LTW soils. For soil Mg and K there was clearly no significant difference among weathering or total release rates. The weathering trend within a soil profile could be explained in great part by a linear change in composition of Ca, Mg, K, and Na of the solum horizons relative to the C horizon. Mineral weathering rates of soils remains a process that is difficult to assess. Thus, in steady-state conditions, total net release rates of base cations can be viewed at best as maximum values for mineral weathering rates.
